NASA TECHNICAL NOTE

NASA TN D-2355

RADIANCE OF THE EARTH
AND ITS LIMB IN THE
MIDDLE ULTRAVIOLET

by William C. Hrasky and Thomas B, McKee

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION o  WASHINGTON, D. C.

LOAN COPY: |
AFWL (W
KIRTLAND Af

L=}
N
TG
W
(¥, ]

Q

iiiiny

JULY 1964

e



TECH LIBRARY KAFB,

IR

015485,

RADIANCE OF THE EARTH AND ITS LIMB
IN THE MIDDLE ULTRAVIOLET
By William C. Hrasky and Thomas B. McKee

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Office of Technical Services, Department of Commerce,
Washington, D.C. 20230 -- Price $1.00



RADIANCE OF THE EARTH AND ITS LIMB
IN THE MIDDLE ULTRAVIOLET

By William C. Hrasky and Thomas B. McKee
Langley Research Center

SUMMARY

The equation for the calculated radiance in the middle ultraviclet region
(O.20u to 0.30u) emerging from the top of a 200-kilometer-thick spherical
atmosphere is derived from the geometry and physics of Rayleigh scattering and
ozone absorption. The radiance is that which would be seen by a hypothetical
observer 400 kilometers above the earth. The radiance is calculated for various
wavelengths and sun orientations for planar scans across the earth's disk. The
various atmospheric phenomena affecting the results are shown and discussed.

INTRODUCTION

Many attempts have been made to calculate expected values of the earth's
radiance due to scattered solar radiation. Coulson (ref. 1) has given a defin-
itive treatment of the expected radiance emerging from a plane-parallel atmos-
phere due to multiple scattering. This method is based on the theoretical
treatment derived by Chandrasekhar (ref. 2). Coulson, Dave, and Sekera (ref. 3)
have published tables giving the normalized radiance due to scattering for
various optical depths again for a plane-parallel atmosphere.

When absorption is included, the problem is modified. Green (ref. 4) has

o] o)
specifically investigated the middle ultraviolet radiance (EOOO A to 3000 A)
due to primary scattering and ozone absorption in a plane-parallel atmosphere.

These studies were for plane-parallel atmospheres and therefore apply only
approximately to the curved atmosphere of the earth; they do not apply at all
to the problem of determining the brightness due to scattering at the limb as
seen from a spacecraft.

The present paper gives an analysis of the radiation scattered from a
curved atmosphere for the special condition in which the radiation is so strongly
absorbed by the atmosphere that only the primary scattering is significant. The
atmosphere used was ideally clear and composed only of molecules. The incident
solar radiation was presumed to be unpolarized. Polarization of scattered
light was not included in the calculations. The specific application of this



study is to the scattering of the middle ultraviolet and is thus related to the
study of reference 4 for a plane-parallel atmosphere.

The appropriate equations are derived and discussed, and solutions are
presented for various solar-spatial configurations. This report investigates
the physical phenomena causing changes in the various scans. Comparisons with
Green are shown for similar conditions.

SYMBOLS

d length of a line, arbitrary units

e base of Naperian logarithms

o), solar spectral irradiance incident on atmosphere, w/cmg-u

Hi spectral irradiance incident on scattering element from attenuated
solar beam, w/cm®-p

h altitude of observer, km

hq tangent altitude of a line of sight from surface of earth, km

h! altitude of a scattering element on a line of sight, km

I intensity emerging from a medium of thickness I, W/cm2

Io intensity incident on a medium, w/cm2

j% spectral ozone absorption coefficient for base e, emL

K attenuation coefficient, inverse units of L

k\ spectral Rayleigh scattering coefficient for base e, km~t

L optical thickness of radiation path in a medium, arbitrary units

M scattering optical thickness encountered on path into atmosphere, km

M scattering optical thickness encountered on path out of atmosphere, km

m scattering optical thickness of scattering element, km

N number density of atmosphere, molecules/cm5

Ny, spectral radiance emerging from atmosphere along a line of sight,
w/cme-steradian-p

Ni spectral radiance emerging from atmosphere due to a scattering
element, w/cm2—steradian—p
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spectral radiance emerging from a scattering element in direction of

line of sight, w/cmP-steradian-p
index of refraction
total “"effective mass" along a path, g/km®

scattering phase function which determines angle dependence of
scattering

radius of the earth, 6,375 km

length along a path, arbitrary units

optical thickness at an altitude, km

altitude of a point along a path, km

rectangular Cartesian coordinates, arbitrary units

angle made with a local vertical by a path at altitude h', deg
angle between a local vertical and the variable altitude line

elemental increment of altitude along line of sight, km

zenith angle of a line of sight at observer (fig. 2), deg

zenith angle of line of sight at scattering element m (fig. 2), deg

zenith angle of sun at observer (fig. 2), deg
zenith angle of sun at a scattering element (fig. 2), deg

wavelength, microns (or )

effective density, g/km3

atmosphere density at sea level, g/km3
depolarization factor

ozone density at NTP, cm/km

east-of-north azimuth of line of sight (fig. 3), deg
east-of-north azimuth of sun (fig. 2), deg
scattering angle (fig. 2), deg

absorption optical thickness of ozone encountered by incoming
radiation, cm



absorption optical thickness of ozone encountered by outgoing

o'
radiation, cm

Subscripts:

i any integer

1,2 refer to lines 1 and 2 in figures 3 and 4

GEOMETRY OF THE PROBLEM

A scan 1s defined as one sweep of an observer's line of sight across the
planet in a plane (fig. 1). For purposes of clarity in discussing a scan, it
is assumed that the scan begins at the southern limb and terminates at the
northern limb. Actually, the geometry is such that a north-south plane ig not

necessary.

In this section, the basic geometric parameters to account for the spher-
ical atmosphere are derived. These parameters are the tangent altitude of a
line of sight, the scattering angle at a scattering element, and the zenith
angle of the sun.

Tangent Altitude

Each scan is composed of many lines of sight defined by 6, the zenith
angle of the line of sight at the observer. Figure 2 shows the geometry of one

line of sight.

Here PDBC is a line of sight with the observer at point P. Point A is the
center of the earth; therefore, line AP is the local vertical at P. On every
line of sight there exists a point B such that the angle ABP is a right angle.
The altitude of this point is hp. By inspection of triangle ABP it is seen
that

R + hg

i = —2
sin @ =T (1)
and

by = (R + h)sin ® - R (2)

where h is the altitude of the observer and R 1is the radius of the earth.

Scattering Angle
If a line of any orientation EF intersects the line of sight at some

point D, the angle ¥ 1is the change of direction of EF at D to line DP.
Iine direction is indicated by arrows in figure 2. If PE' is drawn through
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point P and parallel to DE it will intersect the line of sight at the same
angle, V. ILine PE' can now be assigned a zenith angle 6, and an azimuth ¢o'

The line of sight has a zenith angle of 6 and an azimuth of ¢ (See
fig. 3.) Since the azimuth and zenith angle of both lines are known, the angle
between the line of sight and PE' can be found. From analytic geometry it is
known that

XlX2 + yly2 + Z:LZ2

cos(180° -~ ) = -cos ¥ = (3)
d;do
By referring to figure 3, it can be seen that
\
X3 = -sin 85 cos( @y - 90°)
vy = sin 6, sin(@, - 90°)
5 (%)
Z] = COS B4
BIEE

= -sin 6 sin @)

Xp =
yp = -sin @ cos ¢

zZo = CcOs O } )
2] =3

-/

If equations (4) and (5) are substituted into equation (3), the resulting equa-
tion is

cos ¥ = ~ sin 85 sin ¢0 sin 6 sin ¢ - sin 6, cos ¢o sin 6 cos @ - cos 85 cos 6
(6)

By moving the lines into various quadrants, it is seen that equation (6) holds
for all guadrants.

Solar Zenith Angle

From figure 2 it can be seen that the line_gﬁ'is the local vertical of
point D. The line DE mekes an angle e with AD. To find a relationship for

845 it 1s necessary to refer to figure 4.



In figure 4(a), if it is assumed that the Y-axis is the line of sight,
point P is on the line of sight PC, PA is the local vertical, and PE' is the
line parallel to DE (defined in fig. 2), then

cos(lBOo - 90) - X(R + h)81n 6 + y(R_*;ElEQS,Q (7)
R+h
and
cos 6g = -X sin B - y cos © (8)

In figure 4(b), if it is assumed that the same coordinate system and
lines AD and DE are as defined in figure 2, it is seen that

o 1y _ x(R+h')sin6' + y(R + h*)cos 8"
cos(180° - 85) = — - - (9)
and
cos 6 = -x sin @' - y cos @' (10)

By referring to figure 2 and trilangle APD, it is found that

sineg!' = (§—§—§T>sin 0 (11)

In figure 4(c), if it is assumed that the same coordinate system is used
as in figure 4(b), it is seen that

(0)x + (1)y + (02 _ | (12)

cos v = 1Tx1

Substitution of equation (12) into equation (8) gives

cos Bg = -x sin ® - cos ¥ cos @ (13)
The equation for x obtained from equation (13) is

cos 85 + cos | cos ©
1
sin © (1)

X = =

If equations (14) and (12) are substituted into equation (10), the resulting
equation is

cos 6, sin 6' + cos ¥ cos 6 sin 6

. - oS cos 6! 1
5 ¥ (15)

]
cos 60 =



There are now three variables of the geometry determined: hg, V¥, and 64.
What is more important, all are related to one variable, the zenith angle 8.

SCATTERING AND ABSORPTION

Rayleigh scattering holds to Beer's law. The absorption problem was
investigated and the assumption was made that the absorption in this study held
to Beer's law, also. According to Beer's law, if a beam of intensity Ig
passes through a medium of path length I and an attenuation coefficient K,
the intensity of the beam emerging from the medium is I, where from refer-
ence 5 and in the notation of the present paper

KL,

I =Ige (16)

Attenuation is the diminishing of the beam intensity by the medium; it may
be due to absorption alone or to both absorption and scattering. If attenua-
tion is due to both absorption and scattering,

K =Xy + &y (17)

where k) 1s the scattering coefficient and gy 1s the absorption coeffi-
cient. In this problem, k) 1s the Rayleigh scattering coefficient defined

by (ref. 6)

B 12
Ky, = 32”(n - 1)°/6 + 3pn X'105 (18)
sy \6 - o,

and j% is the ozone absorption coefficient.

Figure 2 shows the path of the radiation within the geometry of the prob-
lem., The parallel incident solar radiation enters the atmosphere and is atten-
uated on its way to the scattering element on the line of sight by the scat-
tering optical thickness M and the absorption optical thickness w of the
atmosphere. Some of the radlation scattered by the scattering optical thickness
of the scattering element m out of the incident beam has the direction of the
line of sight. The scattered radiation is further attenuated by the outgoing
scattering optical thickness M' and the outgoing absorption optical thick-
ness ! until it emerges from the top of the atmosphere.

The optical thicknesses, along with the physics of scattering at the scat-
tering element, and the ultimate emerging radiance are now examined.



Optical Thicknesses

It is important to know how to determine these optical thicknesses, M,
M', o, and '. From figure 5 it is seen that these are the key values in
applying the problem to a spherical atmosphere.

Figure 5 shows an arbitrary path ED in the atmosphere down to a certaln
altitude h'. The path mskes an angle a with the local vertical. It is
necessary to find the total "effective attenuation mass" along this path. The
general problem is treated in reference 7. If Q is the effective mass per
unit area, then along the path ED

Q = Uﬂéﬁ p ds (19)

where p 1s density at ds. Since p 1is a function of altitude v, then by
changing variables it is seen that

200 o(v)ay 290 (yyav
Q=fh —__fh _e(vav (20)

Ccos
' B " |1 - sin

where the effective upper altitude was found to be 200 kilometers. From tri-
angle DCA in figure 5, it can be seen that

1
sin B = <£}E}%—>sin a (21)

If equation (21) is substituted into equation (20), the resulting equation is

200
p(viav
a- | (22)
h' \2
J - (R_i_) Singq
R+v
However, Q 1is the effective mass, not the optical thickness. If optical

thickness T 1s defined as that length of path which would be traversed at
sea level at normal temperature and pressure (NTP) and have the same effective

mass, than equation (22) becomes

200
d
T = gi.= é?'\/; p(v)dv = (23)
o o} '
¢i - <%—f—%l> singa

where (N is the density at sea level. It can be seen by comparing figures 2

and 5 that the angle o 1is either o' or 65, depending on whether path P
or path ED is used.
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If M is the scattering optical thickness of the incoming path, as seen
in figure 2, which makes an angle of eé with the local vertical of m, then

200
M- N2 (2)
o] ht 2
Vl - (%—E—%—) sin2eé

In this study g(v) values are taken from reference 8.
For w, the values of the ozone concentration v(v) are taken from ref-

erence 9. These values are in absorption optical thickness per altitude change
at a particular altitude (cm/km). Therefore, w has the form

200
o [ e (25)

. =
R + ht! 2 2.1

1 = —_—
d ( " > sin 90

The scattering element lies along the line of sight, as in figure 2. For
eny scattering element on the line of sight, 1t 1is seen that

1 h'+Ah! | p(V_)_q.V (26)

m

" Po Jp , ’ 2
1 - (R_:*-_.h_'_'.> sj_nze'
R + v

If triangle ADB in figure 2 is examined and the law of sines 1s used, the
resulting equation 1s

(R+h"')sin o' = R + hy (27)

Squaring equation (27) and substituting the result into equation (26) gives
h'+Ah!
v)d
n-2 [ __plviav (28)
F

Since both M' and ' 1lie along the line of sight, then

1 200 p(v)av
j;l ol

M! = —
P .
(o] "I‘Ah' l R+ho>2
" & v



and

A 1 R + ho>2
R+ v
By looking at figure 2 it is seen that equations (29) and (30) are correct

only if m lies between points B and P. If m 1lies on the other side of B,
o' equals the integration from m +to point B and then from B to 200 kilo-

meters - that is,

ht-Ah!
M'=—J=-f
P
[¢) hO

200 v
o' = b/; T(V)@ (30)

200
v)dv v)dv
p(v) . d/‘ p(v) (31)
L (R ho>2 Bo L (R ho>2
- (R + v B (R + v
and

h'-Ah! 200 '
w' = fh o, r(vav (32)

o R + h, 2 ho R + ho>2
R+v R+v

Emerging Radiance

The problem now is to travel the path of the radiation and analytically
formulate the radiance equation as the path is traversed. Beer's law (eq. 16))
defines the spectral irradiance incident on m after attenuation of the inci~
dent solar beam by scattering and absorption as

~(k M+j
Hy = Hye (51332) (33)

where H) 1is the solar spectral irradiance at the top of the atmosphere.

Radiation is scattered out of the incident beam by m. The fraction of
the 1ncident radiation scattered by m is kxm.

According to Chandrasekhar (ref. 2), the distribution of Rayleigh scat-
tered light follows a phase function

p(cos ¥) = (1 + cos%,,) (34)

W

The angle ¥ is the scattering angle defined by equation (6). The coef-
ficient 5/& is a normalizing factor such that if the phase function is inte-
grated over Lx steradians, the result will be unity.
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It can now be sald that the spectral radiance Nx emerging from m along
the line of sight toward point P is

Ni = i(l + coSgV)ﬁz kxmﬁxe—(KAm+ij) (35)

As this radiation travels from m to the top of the atmosphere along the line
of sight, it is again attenuated by scattering and absorption. Therefore, the
spectral radiance, Ni emerging from the top of the atmosphere due to m 1is

-k7\(M+M' )—37\(&-&»' )

M o= 2+ cos%)ﬁ ke (36)

If the contributions from each m; along the line of sight are summed, the
total spectral radiance N, 1is

M = 2L+ cos?y )t By Z mie—k%(MiJ’Mi'}"j?‘(w“‘”i) (57)

i

Equation (37) is the fundamental equation of this calculation. This expres-
sion was evaluated on the IBM 7090 electronic data processing system.

CALCULATED RESULTS

The program characteristics are discussed in this section. The typical
scan has been separated into the nadir and the limb for discussion purposes.
The contributions from various segments of the atmosphere to the emerging
radiance are also investigated.

Machine Inputs

In the machine solution of equation (57) the 1959 ARDC model atmosphere
was used; this atmosphere was termlnated at 200 kilometers. The Ah' wused
was L4 kilometers. The integrations were carried out by use of a Gaussian
approximation.

The scattering and absorption coefficients used are shown as a function
of wavelength in figure 6. These coefficients were taken from reference 9.
According to this reference (pages 16-21) the ozone absorption coefficients
were determined by Inn and Tanaka. The scattering coefficients were determined
by using equation (18). The scattering curve shows the typical Rayleigh shape

which is approximately proportional to K'u. The ozone absorption curve shows
its peak at 0.255u. The curve 1s fairly symmetrical about the peak.
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The ozone distributions used to calculate w and w' were taken from
reference 9 and are shown in figure 7. Curve A was a measured distribution
taken at latitude 18°31' N. Curve B was also measured and was taken at lati-
tude 69°40' N. For both distributions the ozone concentration was negligible
above 80 kilometers. Also included in the figure for comparison is a distribu-
tion used by Green (ref. U4).

The solar spectral irradiance used as the initial radiation input to the
calculation was taken from reference 9. These values are presented in the
faired curve in figure 8.

The extension of the computer program to the near ultraviolet and visible
regions is risky without adding the phenomena of multiple scattering and earth
reflections to the calculations. Any wavelength which can penetrate to the
earth's surface and which is shorter than about 0.6p must have multiple scat-
tering and earth reflections included. The region within the first 10 kilo-
meters above the earth is the significant multiple scattering contributor to

the radiance.

Another aspect of extending the program is the problem of atmospheric
refraction. Fortunately, most of the middle ultraviolet region never gets
into the extremely dense portion of the atmosphere where refraction becomes
important when looking tangentially to the limb (ref. 10). This is not true
for the near ultraviolet or visible region which does penetrate below
15 kilometers.

Nadir of the Scan

The nadir part of any scan (6 = 0°) is especially interesting because the
outgoing optical thickness can be held constant while all the other parameters
are varied. Plotted in figure 9 are the nadir radiance values for each wave-
length with various ozone distributions and solar positions.

Green's "standard" ozone distribution (ref. 4) with the sun at the zenith
is also included in figure 9. The curves with the same sun position and dif-
ferent ozone curves show the effect of ozone distribution. Alsc shown are the
measurements made in this region by Hennes (ref. 11) and those reported in
reference 12. Green used an empirical expression to represent his oczone dis-
tribution. He then carried the ozone right to the top of his atmosphere. As
stated previously, the ozone distributions used herein were insignificant above
80 kilometers. The difference in these two approaches can be seen in figure 9.
Since there was more ozone 1in distributions A and B above 30 kilometers
(fig. 7), the curves of figure 9 fell below Green's "standard" in the region
of high absorption. The reason for the increase over Green's curve at wave-
lengths greater than 0.28u is that below 20 kilometers Green's distribution had
more ozone, as seen in figure 7, and therefore less radiation was scattered out
of this region in Green's distribution.

The change in the position of the sun (8, = 45°, @, = 180°) caused a drop
in nadir radiance at all wavelengths as seen in figure 9. Thils drop was the
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result of increasing the optical thickness within the atmosphere through which
the incident solar radiation had to pass before being scattered and of
decreasing the magnitude of the phase function. Since the optical thickness
was lengthened, more ozone was encountered and more absorption occurred. When
the sun was at the zenith, the factor 1 + cosgw was 2.0. When the zenith
angle of the sun increased to 450, the factor 1 + cosew became 1.5. The
change in the scattering angle alone resulted in a 25-percent decrease in nadir
radiance.

In figure 10 the spectral radiance for a scan of 0.26u is shown as a func-
tion of zenith angle of the look line from the observer. The values of the
factor 1 + cosew are also presented as a function of zenith angle in this

figure. The factor 1 + cosgw is then divided out of the radiance curve to
obtain the curve identified by the dash~dot line. The minimum value for the
0.26p scan (90 = 450, @ = 1800) occurred at a zenith angle of 35° S. After

removing the y-effect, the minimum value returned to the O° zenith-angle posi-
tion in all calculations performed it was found that the position of the minimum
radiance value of a scan curve was influenced by the minimum value of the fac-
tor 1 + cosgw.

The Iimb

Another point to be made after studying the scan curve (fig. 10) is that
the northern maximum value is larger than the southern value. This effect is
again due entirely to the {y-effect. When the curve without the Yy-~effect is
examined, 1t 1s seen that the northern maximum value is now less than the south-
ern value. This effect is due to the increased path the solar radiation must
travel to reach the northern limb. Figure 10 indicates the strong effect of
on the shape of the scan curve.

The curve of 1 + cos2¢ 1s seen to drop to a minimum near the southern
limb where the scattering angle V approaches 90°. Near the northern limb,
¥ approaches 0° and, therefore, a maximum occurs. This effect occurs, again,
only when the azimuth of the sun is other than 90° (when the azimuth of the sun
is not perpendicular to the scan).

The peak or the maximum value near the limb is caused by the interaction
of two phenomena. As the line of sight enters the top of the atmosphere and
begins to sweep toward the earth, the optical thickness within the atmosphere
of the line of sight increases, and the density of the atmosphere through which
the line of sight is passing becomes greater. This gives more and more con-
tributions from scattering to the emerging radiance. At the same time, the
attenuation due to scattering and ozone absorption is becoming greater before
and after the scattering element as the scan approaches the earth. While the
line of sight is above most of the ozone and dense atmosphere, the scattering
contribution is dominant and a steady rise in radiance is seen. At some tangent
altitude, however, the line of sight begins to pass through more dense atmos-
phere with a greater concentration of ozone; the attenuation effect gains the
dominance and a steady decline in radiance begins. Therefore, the peak occurs

13



at the altitude at which the scattering contribution is dominant, but the atten-~
uation effect is about to become dominant.

Since both scattering and absorption are dependent on wavelength, it is
not surprising that the altitude and the radiance of the peak are wavelength
dependent. The peak parameters are, of course, dependent on the ozone and
atmosphere density distribution, alsc. Figure 11 gives the peak radiances for
various wavelengths, ozone distributions, and sun orientations. TFigure 12
gives the peak altitudes for various wavelengths and ozone distributions.

In figure 11, it is seen that the peak radiances for the extreme sun
orientation (eo =450, @, = 1800) are greater than that for the zenith angle

Bo = 0°., This result is due to the y-effect increasing the output of scat-

tered radiation. The change in the tangent altitude at which peak radiance
occurs is caused by different ozone distributions as seen in figure 12.

Between wavelengths of 0.24p and 0.26p the radiance is not affected by the
change in ozone distributions (fig. 11). This is the spectrum area where ozone
absorption is the greatest. The area of less ozone absorption is definitely
affected. It is evident from figure 12 that the same results found for the
radiance are true for the peak altitude.

The peaks for the wavelength region between 0.24p and 0.26u occur above or
just below the 60-kilometer altitude. The ozone-distribution curves diverge
at approximately 60 kilometers. Therefore, in the extreme ozone sensitive
region the radiances and altitudes of the peaks are unchanged because they
occur before the two ozone distributions differ. Since the altitudes of the
peaks of the less sensitive region occur lower than 60 kilometers, they are
effectively altered by the change in the ozone distribution. With an increase
in ozone, the peaks occur at a higher altitude and, therefore, the radiance of
the peak is reduced. (See fig. 13.) The entire middle ultraviolet region has
been integrated by using the ozone distribution curve A of figure 7. The scat-
tering curves show that the peak will occur at an altitude less than 20 kilo-
meters. With the ozone added, the peak occurs near 60 kilometers with much
less radiance. It can be seen that upon the addition of more ozone above
60 kilometers, the peak would occur at a higher altitude and have a smaller
radiance. Thus, it is seen that the peak radiance and its altitude are strongly
dependent on the vertical distribution of ozone.

The altitude of the peaks 1s also effectively changed by means of sun
orientation. (See fig. 14.) This change is due to the change in optical
thickness of the radiation path in passing through the atmosphere. Near the
southern limb, the optical thickness is smaller for the extreme sun orienta-~
tion (8o = 459, @, = 180°) than for the zenith case (6o = 0°). Near the
northern limb, the optical thickness is greater for the extreme sun orienta-
tion than for the zenith case. These differences cause the optical thickness
to become larger at a higher or lower altitude depending on which 1imb is
being considered.

When the observer's altitude is varied, the lines of sight change with
respect to the scattering angle + and the optical thickness. To check this
effect, the peak radiances and altitudes were compared for observer altitudes
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of 225, 40O, and 1000 kilometers. The results showed that the change between
the 225-kilometer altitude and the 1000-kilometer altitude was so small that
the effect may be neglected when considering the effects of the other phenomena.

Emerging Radiance

In the previous section the change in radiance and altitude of the radiance
peaks due to changes 1n ozone distribution brought out the interesting question
of where the basic contributions to the emerging radiance take place within the
atmosphere. Figure 15 shows the emerging radiance contributed from the atmos-
phere in segments from sea level to various altitudes. If ozone curve A
(fig. 7) and 0.22u wavelength exist for the nadir when 65 = 09, then figure 15
shows that the segment from O to approximately 30 kilometers contributes nothing
to the spectral radiance. All the radiance emerging at a wavelength of 0.22u
originated between 30 and 80 kilometers. It should be remembered that the
molecular oxygen absorption band has its long wavelength cut off at about 0.22u;
therefore, since Op absorption was not included in the calculations, the spe-
cific altitudes mentioned for 0.22u will be higher and the radiance will be
lower when this absorption is included.

If a wavelength of 0.26u is used, then figure 15 shows that all the radi-
ance originates in the segment of the atmosphere between approximately 40 and
90 kilometers. The increase in the altitude of the lower limit of the effec-
tive segment over that of the 0.22u wavelength is due, of course, to the
increased absorption at 0.26u. To get a good idea of the total radiance, the
measurement must be made at an altitude higher than 90 kilometers.

An estimation of the maximum error resulting from the assumption that only
primary Rayleigh scattering occurs can be made by using the information in fig-
ure 15. For a wavelength of 0.22u, the segment of the atmosphere from sea level
to 30 kilometers contributes nothing to the emerging radiance. It can then be
sald that the effective atmosphere for this wavelength is that region of the
atmosphere above 30 kilometers. If only scattering occurred in this effective
atmosphere, the error due to multiple scattering when primary scattering is
assumed can be found by dividing the values in column 4 by those in column 2 in
table 2.1 of reference 13 (p. 40). Some of the values used were obtained from
an extrapolation on the small value end of the table, since some of the cal-
culated values fell in this region. This error is found to be a factor of
1.18. Since absorption also takes place in the effective atmosphere, the value
is actually less and it can be assumed that a factor of 1.18 is the maximum
error possible.

For a wavelength of 0.26u (see fig. 15), the effective atmosphere is at a
height of 40 kilometers and above. The maximum error due to multiple scattering
is a factor of 1.0l., This value was found as described previously for a wave-
length of 0.22u.

The emerging radiation at 0.30u (see fig. 15), has an effective atmosphere
which includes the entire atmosphere. The maximum error is found to be a fac-
tor of 3.04k. For this wavelength caution must be used in evaluating the radi-
ance values calculated.
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For the limb, the peaks occur at such high altitudes that the radiation
never reaches the dense atmosphere where multiple scattering is effective.

In examining figure 15, it can be seen that scattering contributes less
than 1 percent to the emerging radiance above 100 kilometers regardless of the
wavelength used between 0.22p and 0.30p. Time could have been saved by reducing
the model atmosphere to 100 kilometers without sacrificing accuracy.

Plane-Parallel Atmosphere

Of interest also was the discrepancy between the results from the plane-
parallel atmosphere and the spherical atmosphere, and where the discrepancy
became intolerable. Figure 16 shows the spectral radiance for the spherical
and plane-parallel atmospheres as a function of zenith angle for the sun at the
zenith, Green's "standard" ozone distribution, and a wavelength of 0.26p. The
plane-parallel atmosphere was approximated by assuming an extremely enlarged
earth in the computer program. In both calculations the altitude of the
observer was held at 400 kilometers. At 60° zenith angle and 400-kilometer
altitude, the error was 13.1 percent. For the spherical atmosphere the limb
peak will be reached at about 719, whereas for the plane-parallel atmosphere
the 1limb continues its gradual climb and passes 70° toward infinity at 90°. By
dropping the altitude of the observer from 400 to 200 kilometers, the zenith
angle at which the error is 13 percent is approximately 650. Therefore, the
error at a given zenith angle is dependent entirely on the altitude of the

Observer.

CONCLUDING REMARKS

The equation for the radiance in the middle ultraviolet region emerging
from the top of a 200-kilometer-thick spherical atmosphere has been derived
from the geometry and the physics of Rayleigh scattering and ozone absorption.
Calculations were made which exhibited the effects of various wavelengths, sun
orientations, and ozone distributions on the emerging radiance of a scan of
the earth's disk.

It has been shown that the scattering-angle effect is a powerful phenom-
enon and determines the shape of the radiance scan. This effect was even more
noticeable for the limb results than for the on-earth results. Therefore, the
knowledge of the sun's orientation is even more important in predicting the
emerging radiance.

In the high absorption region of the middle ultraviolet it has been shown
that the altitude and intensity of the 1limb radiance peak 1s extremely sensitive
to the ozone distribution above 60 kilometers. This sensitivity indicates that
more precise measurements of the ozone distribution in this region are

necessary.
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The calculations gave 60 kilometers as the tangent altitude of the peak
of the emerging spectral radiance for 0.26u. Radiations at wavelengths other
than 0.26u peaked at lower altitudes.

The density of the atmosphere above 100 kilometers was too low for Rayleigh
scattering to be an effective contributor in the middle ultraviolet region.
Therefore, an observer at 100 kilometers could essentially see the entire
emerging radiance from the nadir.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 1k, 1964.
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